This paper describes a new approach to the calibration of thermal infrared measurements of leaf temperature for the estimation of stomatal conductance and illustrates its application to thermal imaging of plant leaves. The approach is based on a simple reformulation of the leaf energy balance equation that makes use of temperature measurements on reference surfaces of known conductance to water vapour. The use of reference surfaces is an alternative to the accurate measurement of all components of the leaf energy balance and is of potentially wide application in studies of stomatal behaviour. The resolution of the technique when applied to thermal images is evaluated and some results of using the approach in the laboratory for the study of stomatal behaviour in leaves of Phaseolus vulgaris L. are presented. Conductances calculated from infrared measurements were well correlated with estimates obtained using a diffusion porometer.
interest in the variation of both photosynthesis and stomatal conductance over individual leaves (see reviews by Terashima 1992; Pospísilová & S antr°uček 1994; Weyers & Lawson 1997) . Stomatal heterogeneity at the whole leaf level has been demonstrated directly by microscopic studies (e.g. Spence 1987; Smith, Weyers & Berry 1989; van Gardingen, Jeffree & Grace 1989) , from observations of leaf infiltration patterns (Beyschlag & Pfanz 1990) or by survey studies using porometer or infrared gas analysis (IRGA) data (Weyers & Lawson 1997) . Stomatal heterogeneity has also been inferred from evidence for photosynthetic heterogeneity, whether from 14 C fixation or starch accumulation (Downton, Loveys & Grant 1988; Terashima et al. 1988) or via chlorophyll fluorescence imaging as an estimate of electron transport (Daley et al. 1989; Mott, Gordon & Berry 1993; Eckstein et al. 1996; Meyer & Genty 1998) . There is increasing circumstantial evidence, however, that in many cases stomatal conductance is not necessarily closely coupled to variation of assimilation rate (Barradas & Jones 1996; Weyers & Lawson 1997; Jones 1998) .
Unfortunately most methods for studying heterogeneity are not capable of giving quantitative information on variation in stomatal conductance (Beyschlag & Pfanz 1990) or are at best of rather coarse resolution (Weyers & Lawson 1997) , labour-intensive or interfere significantly with the natural leaf behaviour (especially microscopic and chamber methods). The increasing availability of sensitive infrared imaging systems opens up the possibility of high resolution studies of stomatal variation over leaf surfaces and their dynamics.
Although some infrared thermographic measurements of temperature variation over leaf surfaces have been made, most have been concerned with the investigation of processes such as boundary-layer heat transfer processes (Raschke 1960; , thermogenesis (van Der Straeten et al. 1995) or the detection of freezing (Wisniewski, Lindow & Ashworth 1997) . Limited studies on stomata (Hashimoto, Morimoto & Funada 1982 , Hashimoto et al. 1984 have confirmed that thermal imaging can have adequate resolution to detect local variation in stomatal aperture and have shown, using electron microscopy, that there can be a relationship between leaf temperature variation and stomatal aperture.
INTRODUCTION
It is well established from energy balance considerations that leaf temperature varies with evaporation from leaves and hence is a function of stomatal conductance (Tanner 1963; Fuchs & Tanner 1966; Jones 1992) . On the basis of this, remote infrared sensing of canopy temperature (as a surrogate for stomatal conductance) has become an established technique for irrigation scheduling in arid environments (e.g. Idso et al. 1981; Idso 1982; Fuchs 1990; Jones 1994 ) and a number of papers have used formulations of the basic energy balance equation to derive more or less explicit estimates of stomatal conductance from infrared thermometry or thermography in the field (Inoue 1987; Smith, Barrs & Fischer 1988; Inoue et al. 1990; Taconet et al. 1995; Jones et al. 1997) .
In the last 15 years or so there has been increasing Nevertheless there remains a need to investigate the quantitative relationship between temperature variation over a leaf surface, as obtained by thermal imaging, and stomatal conductance. This paper describes the use of infrared thermography as a flexible and powerful technique for the quantitative study of spatial and temporal variation of stomatal conductance in plant leaves and presents a new calibration approach based on model surfaces of known conductance as internal references, thus reducing reliance on environmental measurements.
MATERIALS AND METHODS

Basic theory
The evaporative cooling as water is lost through stomata is an important component of the local leaf energy balance, so leaf temperature can provide a sensitive indicator of leaf conductance to water vapour (g lW ) or its reciprocal, the leaf resistance (r lW ). Although strictly g lW includes the conductance to water loss through the cuticle as well as through the stomata, in most cases it can be taken as an approximation to the stomatal conductance and the two terms will be used interchangeably. Evaluation of the leaf energy balance gives the following dependence of leaf-air temperature difference on the total resistance to loss of water vapour (r W ) (see Jones 1992; equation 9·6):
(1)
where T leaf -T air is the leaf-to-air temperature difference, R ni is the net isothermal radiation (the net radiation that would be received by an equivalent surface at air temperature), de is the air water vapour pressure deficit (VPD), r HR is the parallel resistance to heat (r aH ) and radiative transfer (r R = 4esT air 4 /rc p ), e is the emissivity of the surface, s is the Stefan-Bolzmann constant, g is the psychrometric constant, r is the density of air, c p is the specific heat capacity of air and s is the slope of the curve relating saturation vapour pressure to temperature. All resistances and energy exchanges are expressed per unit projected leaf area. For amphistomatous leaves r W is simply the sum of the boundary layer and stomatal resistances (r aW + r lW ), but for hypostomatous leaves it is given by (2r aW + r lW ) (see Monteith & Unsworth 1990) .
Although data on appropriate estimates of boundary layer resistances for the low windspeeds common in the laboratory are scanty (Schuepp 1993 ) an estimate can be made assuming that the value of the boundary layer resistance to heat transfer (r aH ; units, s mm ) is given as the parallel sum of a forced convection component calculated according to Jones (1992;  
where d is the characteristic dimension of the leaf and u is the windspeed. The boundary layer resistance to water vapour transport was estimated as 0·92 r aH (Jones 1992) . The relative importance of free convection increases as windspeed decreases. For the theoretical estimates of sensitivity of leaf temperature to stomatal conductance, Eqn 1 was solved by iteration, after initially assuming that the resistance to free convection was infinite and then using the calculated (T leaf -T air ) to revise the estimated boundary layer resistance. Where necessary, conversion between molar units (e.g. mmol m -2 s -1
) and mass units (e.g. mm s -1 ) for conductance or resistance was according to equation 3·23 in Jones (1992) 
Calibration for estimation of leaf conductance
It is clear from Eqn 1 that leaf temperature depends not only on stomatal resistance (or conductance) but also on a range of other environmental and plant variables; it is this complexity and the associated difficulty of measuring all these variables accurately that has made it difficult to obtain accurate absolute estimates of stomatal conductance from measurements of leaf temperature. One approach to calibration is to use the temperatures of comparable surfaces of similar size and surface characteristics to the leaf of interest. If these are similarly exposed to incident radiation and have known surface conductance to water vapour it is possible to eliminate the need for estimation of the environmental variables. It can be shown (Appendix; Jones 1999) that substitution of the surface temperature of a wet surface (T wet where r lW = 0) and of a dry surface (T dry where r lW = •) into Eqn 1 and eliminating T air , R n and de from the resulting equations, enables one to write (4) where G equals {1/(r aW + (s/g)r HR )} for amphistomatous leaves or models and {1/(2r aW + (s/g)r HR )} for hypostomatous leaves or models. An important feature of Eqn 4 is that g lW can be determined solely from a combination of measurements of the temperatures of the leaf and of equivalent wet and dry surfaces and a term, G, that depends only on the resistance to heat and water loss through the leaf boundary layer. It is also notable that the multiplier in this equation (G) is independent of net radiation absorbed or of air vapour pressure deficit and only weakly dependent on temperature.
Unfortunately estimation of absolute values of g lW from Eqn 4 requires an independent estimate of the boundary layer resistance. Although this can be obtained by calculation from Eqns 2 and 3, it is more convenient to estimate G directly using thermal data. This can be done by measuring the temperature of another similar surface with a known intermediate conductance to water vapour (g ref ).
In this case, the boundary layer term can then be estimated This calibration can then be substituted back into Eqn 4 and used to estimate the surface conductance corresponding to any measured temperature for a leaf under the same conditions. As an extension of this approach the value of the term G could be estimated by fitting data for two or more different model surfaces. A number of microporous membranes are now available which could be used to provide a range of known conductances (see below).
Thermal imaging
Thermal images were obtained using a Thermovision 900 LW/ST Sterling-cooled long-wave (8-12 mm) infrared imaging system with a 10°lens controlled using IRWinRes 1·1 software [Agema Infrared Systems Ltd. (now known as FTIR Systems), Leighton Buzzard, UK]. Macro images were obtained using a 20°lens with supplementary closeup lens. The detector array has 230 elements per line and a temperature resolution of 0·08°C, and the software allows correction for object emissivity (set empirically at 0·93 for leaf material in this study, which is within the range quoted for Phaseolus vulgaris; Idso et al. 1969) , object distance, relative humidity and ambient temperature. Air temperature was measured with a precision mercury-in-glass thermometer accurate to better than 0·1°C. Leaf and reference surface temperatures obtained by the thermal imager were compared with those measured using inserted 40 gauge copper-constantan thermocouples read on a microvoltmeter. Agreement for leaves was generally within ± 0·3°C, which is within the error of the thermocouple measurements suggesting that the emissivity values used were appropriate, but there was some evidence that the imager underestimated the temperature of the reference surfaces by about 0·5°C (equivalent to an emissivity error of approximately 0·008). Observed temperatures of dry and film-covered surfaces were therefore increased by 0·5°C for calculations. We did not detect any effect of the direc- 
Stomatal/surface conductance
Direct measurements of surface conductance to water vapour of leaves and model surfaces were obtained using either an AP3 porometer (Delta-T Devices, Burwell, Cambridge, UK) calibrated according to the manufacturer's instructions or a CIRAS gas-exchange system (PP Systems Ltd, Hoddesdon, UK). Porometer estimates of leaf conductance (g lW ) were based on the abaxial conductance multiplied by 1·1 to account for the small additional conductance from the adaxial surface. The latter was only directly measurable when stomata were fairly wide open as the minimum conductance measurable with the porometer was approximately 18 mmol m -2 s -1
. Reference surfaces were based on polyethylene-backed absorbent paper (Benchcote TM , Whatman Ltd, Maidstone, UK) either alone or with the paper side covered with a microporous membrane. These microporous membranes are impermeable to liquid water but permeable to water vapour and are listed in Table 1 . In some experiments wet surfaces were obtained by using real Phaseolus vulgaris leaves sprayed with water containing a wetting agent (washing up liquid) while dry surfaces were P. vulgaris leaves covered on both sides with a thin coating of petroleum jelly (Vaseline).
Plant material
Measurements were made on French bean (Phaseolus vulgaris L.) leaves. Plants were grown in a greenhouse in Dundee in February, using 12 h supplementary lighting, and then equilibrated overnight in the laboratory before measurement. Air temperature in the laboratory was 23 ± 1°C and humidity between 25 and 35% for all measurements; plants were maintained under fluorescent lights at approximately 20 mmol m -2 s -1 PAR when not being used. Illumination of the imaged leaves was either by an array of four Sylvania F20/W-RS (Osrau-Sylvania, Danvers, MA, USA) (approximately 30 W m ), or by very low output tungsten lighting. Figure 1 illustrates the expected variation of leaf temperature, calculated using Eqn 1 for a leaf having a characteristic dimension of 10 cm (approximating a French bean leaf), as a function of stomatal conductance for a range of environmental conditions. For typical laboratory conditions with some minimal air movement and where net shortwave radiation absorbed (per unit projected area) is 100 W m -2 , or less, leaf temperature would be expected to remain within about ± 5°C of air temperature. In these conditions estimates of the boundary layer conductance using standard estimates from laminar forced convection theory are not likely to be much in error, although where the expected leaf temperature differs from air temperature by more than about 5°C (Fig. 1b) , free convection becomes significant, decreasing the actual temperature difference (see Monteith & Unsworth 1990) . Estimated values of T leaf -T air when allowing for free convection are shown as the dotted lines in Fig. 1 . Subsequent figures all include allowance for free convection.
RESULTS
Theoretical sensitivity
The effective sensitivity in terms of changes in stomatal conductance that would be detectable with a thermal imaging system having a temperature resolution of 0·1°C is shown in Figs 2 and 3 for the same range of conditions as shown in Fig. 1 . Except at high humidities in the dark, the instrument should be able to resolve differences in conductance of significantly better than 10% of the larger value and often better than 5%, over a wide range of conductances. Figure 3 shows the corresponding sensitivity of an instrument with resolution of 0·1°C in terms of changes in conductance that are detectable.
Although the sensitivity is greatest at low conductances, with changes of only a few mmol m -2 s -1 being detectable at low conductances, the relative sensitivity (Fig. 2) shows an optimum relationship.
Application to study of stomatal dynamics at a whole leaf level -the 'Iwanov' effect A well-known response when the water supply to a leaf is severed, the 'Iwanov' effect (Iwanov 1928; Meidner & Mansfield 1968 ) is a rapid initial opening of the stomata before the longer-term closure. The changes in temperature of the first trifoliate leaf of a French bean plant in response to severing the leaf from the plant but maintaining its original orientation are shown in Fig. 4 . Images taken at 1 min © 1999 Blackwell Science Ltd, Plant, Cell and Environment, 22, 1043-1055 
Open symbols and dashed lines include allowance for free convection, whereas the corresponding solid lines are calculated assuming forced convection only. intervals show that detectable cooling of the severed leaf occurred within 2 min of severing the leaf (at 10 s after the first image). Within 7 min the leaf had cooled by about 5°C. Similar sequences of rapid leaf cooling, followed by more or less rewarming, as stomata opened and then closed were observed in all six leaves tested in this way. Because measurement of stomatal conductance with a porometer slightly affects the leaf temperature, porometer measurements were not made during the sequence shown in Fig. 4 
Calibration of leaf temperature against stomatal conductance
Because the absolute value of T leaf is sensitive to environmental conditions as well as to stomatal conductance it would be useful to have an effective means of calibration that is convenient for routine use. As outlined in the theory section above, one possible approach is to measure the temperatures of model surfaces of known conductances when exposed in an identical environment and relate observed Thermographic studies of stomatal conductance over leaf surfaces 1047 temperatures to the temperatures of these 'standard' surfaces. Table 1 summarizes the results of a number of measurements, made on different occasions, of water vapour conductances of a range of microporous films (including measurements with both the CIRAS and with the AP3 porometer). The majority of these membranes had conductances which were either rather high to simulate typical leaf conductances (although in principle several layers could be stacked up) or else they were rather impermeable. It was noted that for many of the materials (e.g. the Goretex) there was substantial variation from measurement to measurement. The reason for this was not established but it was noted, for example, that the second sample of PM2U tested had small holes visible on the surface whereas the first sample did not. The variability between samples and measurements may also have been related to partial wetting of the materials. The most useful reference materials were found to be Opsite and Hpu25 which gave relatively consistent data that effectively spanned the range of typical conductances. Figure 5 shows a typical thermal image of a Phaseolus vulgaris leaf with some reference surfaces included in the image.These surfaces were mounted on a backing sheet and suspended adjacent to the leaf being studied. The temperatures of wet and dry surfaces and of the other reference surfaces with intermediate conductance values can be separately substituted into the hypostomatous form of Eqn 5 to give values for G which can in turn be used in Eqn 4 to give calibration curves relating surface temperature to g lW as shown in Fig. 6 . These calibration curves (or the corresponding equations) can be readily used to estimate the stomatal conductances of different areas of the leaf. For the leaf shown in Fig. 5 ) for r a . Rearrangement of Eqn 2 shows that this is equivalent to that expected for a windspeed of approximately 0·04 m s -1 under forced laminar flow conditions. The temperature difference between wet and dry surfaces that was observed in a number of independent studies on different days (over 100 individual readings) averaged 6·2°C.
Note that Phaseolus vulgaris leaves have some stomata on the upper (adaxial) surface, so there will be a small error in the estimated total leaf conductance arising from their anisolaterality. This is likely to be small as long as the conductances of the two surfaces differ by five-fold or more, which is generally the case for this species as confirmed by our measurements with the AP3 porometer (J.D.B. Weyers, H.G. Jones unpublished results). For a fuller discussion of the causes and likely magnitude of 'anisolaterality' errors see Jones (1973) .
A number of independent measurements of leaf conductance were made with the AP3 transit-time porometer. Some of these are compared with stomatal conductances calculated from thermal data in Fig. 7 to provide an independent test of the conductance estimates from leaf temperature. This figure shows a close relationship between the two independent estimates of conductance (R 2 = 0·949), although there was some evidence that the porometer estimates were consistently higher, especially at low conductances.
Spatial variability of stomatal conductance over the leaf surface
Some examples of possible spatial variation in temperature over Phaseolus vulgaris leaves are shown in Fig. 8 . Figure 8a shows an example where transpiration from small sharply defined areas of the leaf was inhibited by pasting over discrete interveinal 'islands' with Vaseline. The three areas shown on the left-hand side of the central leaflet in this image were covered on the lower (abaxial) surface, while the blue area shown to the right of the image was covered on the adaxial surface. Figure 8b shows local temperature gradients induced by penetration of abscisic acid into a small area of the leaf lamina; although there was an indication that the effect of the abscisic acid extended beyond the immediate area of application, the effect did not spread across the main vein which runs approximately along the boundary between the blue and purple areas. Figure 8c shows the effect of inhibiting water loss from areas of either the adaxial or abaxial surfaces by covering them with strips of Sellotape. It is clear from this that the effect on leaf temperature was much greater when transpiration was inhibited from the abaxial surface. Figure 8d shows an example where the cause of the local variations in leaf temperature was not known.
From a wide range of similar examples, maximum temperature gradients observed under laboratory conditions in Phaseolus vulgaris leaves ranged up to 0·4°C mm -1 . 
DISCUSSION AND CONCLUSIONS
Sensitivity and accuracy
A key requirement for the practical application of thermal imaging of stomatal conductance is that it has adequate sensitivity. Calculations from Eqn 1 as illustrated in Figs  1-3 show that for a typical stomatal conductance of 200 mmol m -2 s -1 and a windspeed of 0·1 m s -1
, the sensitivity of leaf surface temperature to a 10% change in stomatal conductance can be as much as 0·5°C. The sensitivity increases with increasing radiation input or air VPD and with decreasing air movement (Jones 1994) . Taking all this into account, conductance differences of the order of ± 5% or better should be readily detectable using a high resolution thermal imager under appropriate environmental conditions.
Although such relative studies of stomatal heterogeneity and stomatal dynamics are rather insensitive to errors in instrument calibration, absolute estimates of conductance will be less accurate (as a result of uncertainty in estimates of emissivity and any differences in radiative and mass transfer properties between the reference surfaces and the leaf). Although the mass transfer properties of the reference surfaces are probably a good model for real leaves (e.g. Jones 1992), there was evidence from calibration against thermocouples that the infra-red estimates of reference surface temperatures, with or without microporous film overlays, could be as much as 0·5°C below that measured using thermocouples (corresponding to an emissivity Thermographic studies of stomatal conductance over leaf surfaces 1051 error of less than 0·01). The value for e chosen in this study (0·93) empirically fitted observed leaf temperatures and is within the range previously observed for Phaseolus leaves, but it is worth noting that leaf emissivity is known to vary with species (Idso et al. 1969) and different values may be appropriate in other studies. It is also worth noting that some materials (e.g. the shiny side of Benchcote) can reflect IR radiation, and even leaves can reflect a small amount of radiation from high temperature sources.
The absolute error in estimates of stomatal conductance arises from both random errors and non-random errors (e.g. differences in emissivity or absorption coefficient between the various surfaces). The random component can be calculated from the laws of propagation of errors through differentiation of Eqn 4, and are minimal when the leaf conductance is close to the reference surface conductance. An extreme example of the non-random errors resulting from emissivity differences between surfaces occurs when all the reference temperatures have a consistent bias. For example if one assumes a consistent error in the measured temperature of all references of 0·4°C (= an emissivity error of 0·005) the percentage error in conductance estimates can be obtained from Fig. 2 by multiplying the given values by four, and the absolute errors by multiplying the values in Fig. 3 by four. In this case the absolute leaf conductance estimate under the typical conditions used in these experiments could be in error by about 15-25% (Fig. 2b) . The errors for other combinations of emissivity errors can readily be determined from simulation, as can any error relating to differences in shortwave absorption coefficients causing R ni to differ (assumed equal for all surfaces in Eqn 5). In practice this latter error will tend to be small because R ni is only a small component of the total energy balance at the low irradiances in these laboratory experiments.
Another source of error in the accurate estimation of conductance at different points over a leaf can arise because of the build up of significant temperature gradients along a leaf when an airstream blows over it; for example demonstrated gradients of up to 3°C along a leaf surface in parallel turbulent flow. The present experiments were conducted in relatively still air in a laboratory; under such conditions thermal gradients along the lamina will be minimized, especially where free convection and preferential heat loss from sharp points (see Monteith & Unsworth 1990 ) is also minimized by ensuring that leaf-air temperature differences are kept below approximately 5°C. Although small thermal gradients resulting from differences in sensible heat transfer could have build up in our conditions, these gradients were likely to have been generally less than a few tenths of a degree (see, e.g. Figs 4 & 5) , and are likely to be much smaller than temperature differences caused by differences in evaporative cooling.
Spatial resolution
The calibration approach proposed is applicable both to standard infra-red thermometry which operates at the scales of the whole leaf or canopy and to thermal imaging of leaves. The actual spatial resolution of stomatal conductance on single leaves depends on the spatial resolution of the imager and on the lateral heat transfer properties of the leaf. The imagers used in this work had a spatial resolution of at least 180 pixels per line. Using the 20°lens at the standard oper-ating distance of about 0·7 m, a pixel corresponds to an area of approximately 1 mm ¥ 1 mm, whereas with the close-up lens a pixel corresponds to approximately 0·2 mm ¥ 0·2 mm. In practice the factor limiting the spatial resolution of estimates of stomatal conductance is the rate of the lateral heat transfer within the leaf. A measure of the spatial resolution available is the half-distance (the distance over which half the total temperature change between two steady values either side of a step change in leaf conductance occurs).
For a leaf of thickness l, an approximate solution for the half distance (across a linear boundary) can be obtained by assuming a sharp change in g lW at the boundary (at x = 0) and a constant effective coefficient for heat loss to the air. In steady conditions, q 0 the temperature difference between the leaf at the boundary and the equilibrated temperature infinitely far from the boundary, can be taken as half the difference between the equilibrium values either side of the boundary as calculated using Eqn 1 after substituting appropriate values of r W . The rate of additional heat loss at this temperature (H x ) can be obtained by replacing R ni in Eqn 1 by (R ni + H x ) and rearranging. This system is equivalent to heat transfer from cooling fins (see, e.g. Pitts & Sissom 1977) for which one can describe the rate of change of temperature with distance by (6) where m = ÷(hP/kA), and k is the thermal conductivity of the leaf, h is the coefficient for heat loss from the surface (= H x /q 0 ), and P/A is the ratio of the surface for heat loss to the cross sectional area of the leaf. This is equivalent to m = ÷(H x /klq 0 ). The half distance is then given by 2 ln(0·5)/m.
For a typical Phaseolus leaf under our laboratory conditions (R ni = 100 W m -2 , u = 0·04 m s -1
, 30% relative humidity, and for a change from g lW = 0 to g lW = 160 mmol m -2 s -1 ) and assuming that l = 200 mm and k (0·5 W m -1°C-1 ; Jones 1992) gives a half distance of approximately 3·1 mm which is close to the typical values observed in our experiments (see Fig. 8 ). The maximum lateral temperature gradients observed were between 0·3°C mm -1 and 0·4°C mm -1
.
Speed of response
The ability of thermal imaging to follow rapid changes in stomatal conductance is not often likely to be limited by the time constant of the imager (which for the equipment used here is better than 1 s) but is more likely to be limited by the rate of temperature equilibration of the leaf. An approximation to the time constant (t) of leaf temperature response to an instantaneous change in its energy balance is given by (equation 9·11; Jones 1992)
where r*c p *l* is the heat capacity per unit area of leaf. Analysis of temperature dynamics when images were taken at 10 or 20 s intervals after slightly warming leaves by hand gave time constants around 20 s in the present lab- 
Other observations and implications
The high sensitivity of leaf temperature to stomatal conductance means that use of infrared thermography to evaluate processes such as freezing tolerance, or especially evidence of thermogenesis (e.g. van Der Straeten et al. 1995) , must be interpreted with care. These latter authors observed an increase in leaf temperature of 0·5 to 1·0°C when leaves were treated with salicylic acid, which they attributed to salicylic acid-induced thermogenesis. However, at the low stomatal conductances reported in their experiments (12 to 20 mmol m -2 s -1 ) it can be seen from Fig. 2 , that such temperature differences could have been caused by changes in stomatal conductance as small as 5 mmol m -2 s -1 , a difference which would have been extremely difficult to detect with a porometer with any confidence, especially bearing in mind the very limited replication used for their porometer measurements, and the known effects of salicylic acid on stomatal closure (e.g. Larqué-Saavedra 1978) .
An alternative approach to the estimation of leaf conductance from leaf temperature is to measure or estimate all other components of the leaf energy balance, including absorbed net radiation, air humidity, air temperature and boundary layer conductance (Smith et al. 1988; Inoue et al. 1990; Jones 1994) . Although useful data can be obtained by such approaches, a particular advantage of the present approach is that it is based on one consistent type of measurement (temperature as measured by infrared) supplemented by just the additional estimation of the boundary layer conductance.This, together with the formulation used, means that absolute errors (e.g. in temperature measurement) largely tend to cancel out; this is in contrast to the more usual energy balance approaches (e.g. Inoue et al. 1990 ) which depend on a range of independent measurements whose errors will tend to be additive.
Conclusions
This paper presents a new approach to the absolute calibration of thermal measurements of leaf temperature for Thermographic studies of stomatal conductance over leaf surfaces 1053 the estimation of stomatal conductance. It is a logical development from the crop water stress index approach of Idso (Idso et al. 1981; Idso 1982) but is based on a number of key innovations. In particular it uses a simple reformulation of the leaf energy balance involving temperature measurements on reference surfaces of known conductance to water vapour to allow absolute calibration of temperature measurements. This avoids the need for direct measurement of environmental variables such as incident radiation absorbed, humidity, and windspeed. The calculations presented here, together with the observations on actual temperature variation with stomatal conductance, show that when used in a relative mode infrared thermography has comparable, and in many circumstances better, resolution than that quoted for other methods currently available (see Weyers & Lawson 1997) . It should be noted, however, that absolute calibration is rather sensitive to errors in estimation of reference surface temperatures, implying a need for accurate information on emissivities of the different surfaces (reference and leaf). Nevertheless, the good correlation between porometer measurements and calculated conductances does support the validity of the approach and that the energy balance of the reference surfaces is similar to that of the Phaseolus leaves.
The approach is therefore particularly suitable for quantitative studies of spatial and temporal variation of conductance over single leaves or for the screening of large numbers of leaves remotely for stomatal conductance, as occurs in genetic screening programmes. Indeed Raskin & Ladyman (1988) have used infrared thermography to isolate an abscisic acid-insensitive barley mutant. The present theoretical analysis provides a basis for optimizing the conditions for maximal sensitivity of the technique in such studies. Furthermore, as a remote technique it does not interfere with stomatal function. Even though the effective spatial resolution is of the order of a few millimetres, the technique will be a valuable complement to chlorophyll fluorescence imaging of photosynthesis (e.g. Daley et al. 1989; Meyer & Genty 1998) to allow a rigorous analysis of relationships between photosynthesis and stomatal conductance.
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